ABSTRACT: Due to their conformational malleability, intrinsically disordered proteins (IDPs) are particularly susceptible to influences of crowded cellular environments. Here we report a computational study of the effects of macromolecular crowding on the conformational ensemble of a coarse-grained IDP model, by using two approaches. In one, the IDP is simulated along with the crowders; in the other, crowder-free simulations are postprocessed to predict the conformational ensembles under crowding. We found significant decreases in the radius of gyration of the IDP under crowding, and suggest repulsive interactions with crowders as a common cause for chain compaction in a number of experimental studies. The postprocessing approach accurately reproduced the conformational ensembles of the IDP in the direct simulations here, and holds enormous potential for realistic modeling of IDPs under crowding, by permitting thorough conformation sampling for the proteins even when they and the crowders are both represented at the all-atom level. SECTION: Biophysical Chemistry and Biomolecules I t is now accepted that a considerable proportion of proteins are disordered and play essential roles in signaling and regulation.
I
t is now accepted that a considerable proportion of proteins are disordered and play essential roles in signaling and regulation. 1−12 The complex, crowded environments inside cells may significantly influence the conformational, thermodynamic, and kinetic properties of proteins. 13 These influences are expected to be particularly strong for intrinsically disordered proteins (IDPs), due to their conformational malleability and propensity to oligomerize and aggregate and to bind with different cellular targets.
14 While some studies 15−18 have shown that IDPs preserve their disordered state under crowded conditions, these and other studies 19−22 have found that the conformations of IDPs (and unfolded proteins) become more compact. Compression of the polymer PEG by Ficoll as a crowding agent 23 and of unfolded RNA by PEG 24 has also been observed, suggesting a common cause for the compaction in size. Here we report a computational study of the effects of macromolecular crowding on the conformational ensemble of an IDP.
Two different computational approaches have been used to study proteins under crowding. In the direct simulation approach, a test protein is simulated along with crowders; 25−32 to calculate thermodynamic or kinetic properties, one has to obtain the full free energy surface that covers two end states (such as the folded and the unfolded states of a protein). To overcome the enormous computational cost of such calculations, the protein has generally been represented at a coarsegrained level, and the crowders are often treated with an even simpler representation, such as a sphere or a few linked beads. Simulations with an all-atom representation of test and crowder proteins have recently been carried out, although the relatively short simulation times limited the conformation sampling largely to near the folded state. 32 We have introduced an alternative approach known as postprocessing, 33, 34 whereby the conformational ensemble of a protein sampled in the absence of crowders is transformed to that under crowding, through weighting by the Boltzmann factor of the excess chemical potential, Δμ, arising from protein−crowder interactions. Similar ideas have been exploited by others. 21, 35 To implement the postprocessing approach, we have developed methods to accelerate the calculation of the excess chemical potential. 33, 34, 36 In essence, the postprocessing approach uses crowder-free simulations to predict crowdinginduced changes in free energy differences and rate constants between end states, 33,34,36−42 as well as free energy surfaces of protein folding and conformational transition under crowding. 39, 43 The postprocessing approach may be especially suited for studying IDPs under crowding. These proteins may not have well-defined basins of attraction and can access enormous conformational space. Sampling this conformational space is already challenging for simulations in dilute solution. 44−49 The addition of crowders in these simulations may necessitate reduced representations for the IDP and the crowders. The postprocessing approach allows the more realistic representations to be preserved in modeling the effects of crowding.
The accuracy of the postprocessing approach depends on adequate sampling in the crowder-free simulations of the test protein, so as to cover all the conformational regions that would be important when crowders are present. Under-sampling of new low-energy regions that emerge in the presence of crowders is always a concern.
32,43 Previously we have validated the postprocessing approach against direct simulations for the effects of crowding on the flap open-to-closed population ratio of the HIV-1 protease dimer 38 and for the folding free energy surfaces of three small proteins under crowding.
43
Below we compare the conformational ensembles of an IDP under crowding, either predicted by the postprocessing approach or obtained from direct simulations with crowders present. To accommodate the direct-simulation approach, the IDP has a coarse-grained representation, with one bead for each residue. 26, 50 The residues in the protein chain are connected by springs with an equilibrium length of 3.8 Å and a spring constant of 70 kcal/mol/Å 2 , and interact via a Morse potential
where r ij is the distance between two residues, r 0 = 9.5 Å, α = 0.707 Å −1
, D 0 = 0.207 kcal/mol, and ξ is a constant introduced to scale the strength of the intraprotein interactions. A higher ξ is expected to strengthen the attraction between the residues and thus result in more compact conformations. In the direct simulations, the crowders are soft spheres with a nominal radius of r c = 30 Å, with the interaction center located on the spherical surface with a radius of 23 Å; the crowders interact with a repulsive inverse r 12 potential:
where r αβ is the center−center distance between two crowders, and ε = 0.6 kcal/mol. When two crowders are at contact (i.e., r αβ = 60 Å), the interaction energy is ε, or roughly the thermal energy k B T at T = 300 K. Each protein residue and each crowder also interact with an inverse r 12 potential:
We carried out Brownian dynamics simulations of a 99-residue IDP alone and along with the crowders, using a modified UHBD program as done previously. 26, 38 Periodic boundary condition was imposed, with a cubic unit cell of 510 Å side length. The cutoff distances were 24.5 Å for the Morse potential and 75 Å for the inverse r 12 potentials. For the simulations with crowders, 71 to 575 crowders were included to produce crowder volume fractions (ϕ) ranging from 0.06 to 0.49 (Table 1) , the same as the crowding conditions in our previous study of the flap open-to-closed transition of the HIV-1 protease dimer. 38 Five values of the scaling constant ξ for the intraprotein Morse potential were studied: 1, 0.8, 0.7, 0.6, and 0.5. For each combination of ϕ and ξ, conformation sampling consisted of 36 repeat trajectories that started from different random number seeds and lasted 30 μs each. The time step was 50 fs; snapshots in the last 20 μs were saved at 10 ns intervals for analysis. For implementing the postprocessing approach, we also carried out crowder-only simulations, with the unit cell now enlarged to a side length of 1000 Å and the numbers of crowders increased in proportion to produce ϕ values matching those in the simulations of the protein--crowder mixtures.
Both without and with the crowders, the IDP sampled a wide variety of conformations, with the radius of gyration (R g ) spanning a broad range ( Figure 1 ). To demonstrate that the conformation sampling was adequate, in Figure 2 we compare the histograms of R g at ξ = 0.5 obtained from simulations starting from two very different initial conformations: one compact with R g = 13 Å, and the other extended with R g = 93 Å. 51 For both the crowder-free simulations (ϕ = 0) and the simulations at ϕ = 0.31, the histograms of R g from the different initial conformations agree very well, indicating convergence of the simulation results. Additional results demonstrating convergence for ξ = 0.7 and ϕ = 0 are shown in Figure S1 . All subsequent results are from simulations with the compact initial conformation for the protein.
Comparing the histograms in Figure 2 for ϕ = 0 and ϕ = 0.31, one sees that the peak position shifts toward a lower R g value, meaning that the IDP becomes more compact under crowding. The corresponding results at ξ = 0.7, displayed in Figure 3 , further illustrate that the shift in peak position toward lower R g values can be accompanied by a significant narrowing of the distribution of R g . Despite the overall compaction under crowding, the histograms in Figures 2 and 3 show that the same range of R g values are spanned with and without crowders, suggesting that the accessible conformational spaces may largely overlap under crowder-free and crowding conditions. From the direct simulations, the root-mean-square R g (R g;rms ) values, along with their standard deviations among 36 repeat trajectories, 52 for the various combinations of ϕ and ξ are obtained and listed in Table 1 . These results show that, at a given ϕ, the protein chain becomes more and more extended as the intraprotein Morse interactions are weakened. Conversely, at a given ξ, the protein chain becomes more and more compact as the level of crowding is increased. Interestingly, the extent of the crowding-induced compaction is maximal at an intermediate ξ. At ξ = 0.7, R g;rms is reduced by nearly 50% when the crowders are present at a volume fraction of 0.49. In comparison, under this crowding condition, the reduction in R g is only 6.5% at ξ = 1 and 34.6% at ξ = 0.5. In addition, at intermediate ξ values (0.7 and 0.8), the standard deviations of R g are lower under crowding than in the crowder-free condition, corresponding to the narrowing of the distribution of R g shown in Figure 3 . Explanations for these intriguing observations at intermediate ξ will be presented below.
Based on studies of proteins unfolded by denaturants and/or low pH, a polypeptide chain with 99 residues is expected to have an R g;rms ∼35 Å in dilute solution. 53 An
The magnitudes of crowding-induced compaction obtained in our simulations are similar to those observed in some recent experimental studies. In the fluorescence resonance energy transfer (FRET) measurements of Mikaelsson et al., 22 200 g/L Dextran 20 produced ∼10% decrease in donor−acceptor distance in urea-denatured ribosomal protein S16. Similarly, in the small-angle X-ray scattering (SAXS) measurements of Kilburn et al., 24 20% (w/v) PEG1000 produced a 16% decrease in the R g of unfolded RNA. In comparison, the compaction for our IDP with ξ = 0.8 is 12% at ϕ = 0.18. Interestingly, there seems to be experimental evidence for crowding-induced narrowing of the distribution of R g in the study of Mikaelsson et al. 22 These authors fitted their FRET data with a Gaussian distribution for the donor−acceptor distance, and found that the width of the distribution decreased in the presence of 200 g/L Dextran 20.
We now use the above results from the direct simulations to benchmark the accuracy of the postprocessing approach, which uses the crowder-free simulations to predict the conformational ensembles of the IDP under the various levels of crowding. This entails weighting each crowder-free conformation by a factor exp(−Δμ/k B T). 38 When the interactions between the test protein and crowders are hard-core repulsion only, the excess chemical potential can be calculated as Δμ = −k B T ln p, where p is the fraction of attempts to place the test protein into the crowded solution that do not result in protein-crowder clash. For spherical crowders, we developed an efficient method for calculating p, by mapping the covolume of a crowder and the protein onto a grid centered on the crowder. 33 In these calculations, averages are taken over both conformations of the IDP and configurations of the crowders. Following our previous study, 38 we first approximated the repulsive inverse r 12 potentials as hard-core repulsion and applied the covolumebased method to calculate Δμ (using crowder configurations generated in previous hard-sphere simulations). Up to ϕ = 0.25, the postprocessing approach with the hard-sphere treatment accurately predicts the R g;rms values from the direct simulations (Figure 4 ). At ϕ = 0.31, it yields small but discernible underestimation of the crowding-induced compaction. We also used the crowder configurations generated by the crowder-only simulations here (with crowder−crowder interactions governed by the potential of eq 2) but then treated the crowders as hard spheres in calculating Δμ. The predicted R g;rms values were unchanged.
To understand the slight overestimation of R g;rms at high ϕ, we note that, in the hard-sphere treatment, the interaction between a residue and a crowder is turned off at their nominal contact distance, even though the interaction energy there still roughly equals k B T. Therefore the crowders and the residues can approach each other to their contact distance more easily than they should, leading to slight underestimation of Δμ. This underestimation is worse for the more extended conformations ( Figure 3 ) and for the more crowded conditions. The former is because the more extended conformations have more residues exposed to the crowders; the latter is because, with more crowders around, the chance for them to approach the IDP increases.
We have just developed a new method for calculating Δμ that is based on fast Fourier transform (FFT) and can handle any form of protein−crowder interactions. 36 The basic idea is to express the protein−crowder interaction energy as a correlation function and then evaluate this correlation function via FFT. Using the crowder configurations generated by the crowder-only simulations here and applying the FFT-based method to treat the inverse r 12 form of protein−crowder interactions, the predictions for the R g;rms values at ϕ = 0.31 are improved, and are now in good agreement with those obtained from the direct simulations (Figure 4) . The predicted histogram of R g also agrees well with that from the direct simulations (Figure 3) , suggesting that the conformational ensemble under crowding is predicted well by the postprocessing approach when the protein−crowder interactions are properly treated when calculating Δμ. However, at an even higher level of crowding (ϕ = 0.49), the crowder-free simulations here under-sampled the most compact conformations ( Figure S2 ), resulting in a small overestimate of R g;rms (35.7 Å predicted versus 34.2 ± 5.2 Å from the direct simulations, both at ξ = 0.5). More extensive sampling in the crowder-free simulations can be obtained by specialized techniques such as umbrella sampling or replica exchange.
The postprocessing approach provides a conceptual framework via which the crowding-induced maximal compaction and narrowing of the distribution of R g at intermediate ξ can be easily understood. Recall that this approach yields the conformational ensemble under crowding through weighting each crowder-free conformation by a factor exp(−Δμ/k B T). Consider two different scenarios for the crowder-free conformational ensemble, one consists of similar conformations, resulting in a narrow distribution of R g , while the other consists of vastly different conformations that span a broad range of R g . In the first scenario, reweighting by exp(−Δμ/k B T) will not produce a significant compaction, since all the crowderfree conformations would have similar weighting factors. In the second scenario, the more extended crowd-free conformations would have smaller weighting factors, whereas the more compact crowd-free conformations would have larger weighting factors; the net result is significant compaction. The crowderfree conformations of our IDP have the broadest distribution of R g at ξ = 0.7 ( Figure S3 ), thus explaining why crowding results in maximal compaction at this intermediate ξ.
That the broadest distribution of crowder-free R g occurs at ξ = 0.7 requires some explanation. At ξ = 1, residue−residue attraction arising from the Morse potential keeps the IDP compact. As ξ is reduced, the protein chain can access more open conformations, leading to broadening of the distribution of R g . However, as ξ is reduced further and further, the chain mostly samples highly extended conformations. With R g bounded from above (at ∼100 Å for the fully extended conformation), the distribution of R g again starts to narrow (compare the histograms of R g at ξ = 0.6 and 0.5 in Figure S3 ). Note that the standard deviations of crowder-free R g are the largest at ξ = 0.7 (Table 1) , consistent with the broadest distribution at this ξ.
Compaction under crowding can manifest either as a shift in the histogram of R g toward lower R g values (Figure 2 ) or as a shift accompanied by a narrowing of the distribution of R g (Figure 3 ). A lower bound of R g also exists, when the protein chain becomes extremely compact. As the histogram of R g shifts toward lower R g under crowding, the left envelope of the histogram may reach the lower bound of R g . Then only the right envelope can shift leftward, resulting in a narrowed distribution.
We have demonstrated here that, from crowder-free simulations, the postprocessing approach can faithfully predict the conformational ensembles of IDPs under crowding. Note that, by varying ξ, we produced protein chains spanning a wide range of crowder-free R g;rms values, both below and above the crowder radius; the postprocessing approach works equally well in both cases. While the demonstration carried out here uses simplified representations for the IDP and for the crowders, the postprocessing approach is now ready to model proteins and crowders both represented at the all-atom level. 36 Using direct simulations with crowders included, presently achieving exhaustive conformation sampling for IDPs at such a level of realism seems impractical. The postprocessing approach may provide a viable solution. What is perhaps particularly attractive about this approach is that all the previously published simulations of IDPs in dilute solution 44−49 can be postprocessed to predict results in crowded solution.
Additional technical advantages of the postprocessing approach are also worth noting. First, in implementing this approach, all locations in the crowded solution are probed for possible protein−crowder interactions. 33, 36 This is in contrast to the situation with direct simulations, where the test protein can be trapped in interactions with one or two particular crowder molecules, especially when attractive components are included in the interactions. Second, the same crowder-free simulations can be used to predict conformational ensembles for many different crowding conditions (as illustrated here) and for different types of protein−crowder interactions. In particular, our FFT-based method can treat both repulsive and attractive protein−crowder interactions. Minton 54 proposed both an equivalent hard sphere model and a Gaussian cloud model for treating unfolded protein chains. Applying these models to our IDP, we found that they significantly overestimated the magnitudes of crowding-induced compaction ( Figure S4 ). While simplified theoretical models can be very useful for predicting qualitative trends, predictions that have the potential to reach quantitative agreement with experimental studies of crowding effects will likely require an atomistic representation for the proteins and crowders.
Similar to what is found here for an IDP, decreases in R g have been reported in previous computational studies for unfolded proteins under crowding. 25, 29 The present study, especially with the help of the postprocessing approach, reinforces the notion that repulsive interactions with crowder molecules may be a common cause for the compaction of proteins and other polymer chains observed in experimental studies. 15,16,19−24 Crowders could also stabilize partially structured intermediates for IDPs. 18 Based on thorough conformation sampling in dilute solution, the postprocessing approach holds enormous potential for realistically modeling this and other rich effects of crowding on IDPs.
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